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A METHOD FOR BSTIMATING HFAT REQUIREMENTS FOR ICE
PREVENTION ON GAS-EEATED HOLLOW PROPELLER BLADES

By V. H. Gray and R, G. Campbell.

SUMMARY

A detailed methdd ie preeented for determining the temperature
and flow of heated gas necessary for ice prevention of hollow pro-
peller blades in flight and icing conditions. The propeller blade
is enalytically divided into e number of short radial segments,
which are successively treated as seperate heat exchangers. ExXpres-
glons for the total external snd internal heat transfer are com-
bined to determine the surface temperaturss of each segment. The
thermodynamic steady-flow eguation is given for the internal gas-
flow process and expresslons are obtajined for the radial variations
of gas temperature and pressure within the blade, For a given
initiel gas temperature in the hlade shank oavity, the nminimum ges
flow is determined which will provide surfage temperatures of at
least 32°'F everywhers on the heated portion of the blade.

An expression for the required heat-souyrce input to the ges
is included and a formula is given fox calculating the required
blade~tlp nozzle ares.

A discussion ls 1ncluded of the 1ndiceted benefits to be’
derived from certain alterationg of the blade interpel flow
passage. ' '

INTRODUCTION

Thermal prevention of the formation of ice on aircraft pro-
pellers has been previously investigated by means of electrical
and hot-ges heating. The hegt regulrements associated with the
uge of externmal, electrically heabed rubber blaje shoes are
analyzed in reference 1, Flight investigations of thermal sys-
tems using hot gas within hollow propellex bledes have been
reported in yeference 2, and by Palmstier and Brigham of the
Curtlss-Wright Corporation.
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The present enalyeis was mede at the NACA Cleveland labora~
tory to provide a method for predicting the hot-gas flow and the
Initlal gus temperature required for satisfectory ice prevention
on hollow propeller blades:. This method involves & syétem of
progressive approximations comsidering syuccessive predially dis-
posed blede segnente as separate heat sxchangers:. Account is
taken of the heat vequired to ralge the temperature of the inter-
cepted free water to the blade-surface temperature, the cooling
effect of the evmporation of water, and the kinetic heating of the
external-air boundary layer. The physical changes of the hot gas
in flowing through the hollow blade are determined in oprder to
find the regquired tip nozzle area, The detailed analysla is
applied to a typical’ propeller blade for flight at %wo assumed
operating conditlons at the same icing conditions t6"11llustrate”
the step-by-step procedure. and to demonstrate typical results.

A method of modifying the blade inteynal passege is- -siiggested -
whereby ‘the: ‘heating requirements may be reduced for & glven
application ‘of the hot-gaa mothod of-preventing ioe on typical
hollow propellers. ; X

osyMBOLS . T oo - - SR

The following symbols are used in’ equations takén Lrom
references '
A heat-transfer area, (sq t) _

An cross-sectional area of blade tip nozzle, (sq £t)
Ap _::oross—sectional area of” blade internal-flow passage,
(sq f't)
CZ blade-gection 11ft coefficient
c blade chord, (ft}
°n'? _"'“specifio neat of gas for polytropic process, -
L (Btu/(lb)(°F))
cp llspecific ‘heat of gas at constent pressure, (Btu/(lb)(QF))
De :. diameter of cylinder whosé radius is equal to 1eading—

edge radius of given blade section, (£t)

Dy, hydraulic dismeter, (4 AP/P), (£t)
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Nu

change of radlal kinetic energy per pound of gas in flow-
. ing through radial blade segment, (£t-1b/1b)

base of natural logarithms

flow energy dissipated by friction per pound of gas in
flowing through radial blaede segment, (Tt-1b/1b)

friction coefficlent

acceleration of grévity, 32:5 (ft/sbcz)

rete of heat transfer per unit area, (Btu/(hr)(sq £t))
convective heat-transfer coefficiént (Btu/(hr){sq £t)(°F))
mechanical equivalent of hest, (£t-~1b/Btu)

thermal oonductivity, (Btu/(hr)(sq ££) (CR/EE))

" latent heat of evaporation of water, (Btu/lb) -

radial length of blade segment, (ft)

rate of interception of wamer, (1b/(nr)(eq ft))

rate of evaporstion of water, (lb/(nr)(sq £t)) ;
liguid-vater coptent of ambient air, (arems fou m)
Nusselt number, (ha /i or b8y /k)

exponent in polytropic process, py" = coastant
perimeter of blade 1nternélnflow passage, (ft)

Prandtl number, (3600g) Pcp/k

absolute sfatic pressure, (lb/eg f£t)

pressure of saturated wdter vapor, (1b/sg I't)

“heat input to gas flow per blade from heef source,

(Btu/hr)
heat escape per blade &t tip nozsle, (Btu/hr)

total heat added per blade to internal gas Flow froﬁ heat
source and propeller work, (Btu/hr)
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heet transfefred through blade metal from gas flowlng
through radigl blade segment (Btu/hr)

net heat lose per pound of gas in flowing through radial
blede segment, 9,:0_1'_115 FJ;T-Z_, (B:bu/lb)

dynamioc pressure of ambient air relative to blade sta—_
tion, (1b/sq ft) N

gas conatent (for air = 53,3), (ft-1b/(1b)(°R))

Reynolds number based on blade~-section chord

- Beyno}ds number based on hydraulic diametsr

Reynolds number based on laminey boundary-layer thickness
redius at any propeller-blade station, (ft)

surface total length of heated bledé seotion in chordwise
direction over, both camber and thrust face, (ft)

surface distance from blade-gection gtagnatlion point to
any point on heated gurface in chordwise direction, (ft)

absolute total temperature, (°r)

atatic temperature, (°F)

- temperature rise at surfaoe.due to boundary-layer

friction, (°F)
internal energy of gas, (Btu/lb)

radial velocity of internal gas relative to-propellar
blade, (ft/sec) .

tengential veloeity of propeller dlade at gilven radius,
(ft/sec) . . .

air'velocity, (ft/sec)

average alr veloclty over camber or thrust face of_Dblade,
(ft/s0c)

resultant or hellcal veloclty of propeller bPlades at any
radius, (ft/sec
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specific volume of internasl gas, (cu £t/1b)

increment of ernthalpy due to work dons by rotating pro-
psller on pound of gas in flowlng through radisl blade
segmept, (ft-1b/1b)

net compreésion work done on pound of gas in flowing
through radisl blade segment, Wy, - Fi.z, (£t-1b/ib)}

P
rate of internal gas flow per blade, (1b/hr)
Hardy's evaporation factor

distance from leading edge measured along chord, (ft)

exponent of Pr "1n determining kinetlc btemperaturs rise,
1/2 for leminar flow end 1/3 for turbulent flow

angle of attack of blale section, (deg)

ratio of speciflic heats

thickness of laminar boundaryllayer on blade surface, (ft)
heat-tranefer length of turbulent boundasry layer, (ft)

momentum thickness of boundary layer on blade surface
at trensition, (£t) :

turbulent boundary-layer parameter
turbulent boundary-layer parametér at point of transition

propeller drivs-shaft torgus Increment due to internsl
ges flow, (1b-ft/(1b/sec))

absolute viscosity, ((1b)(sec)/(sg £t))
kinematic viscosity, (sq ft/sec) |
demsity, ((1b)(sec?)/exd)

static temperature, (°R)

arlthmetic average of statlc temperatures of ambient air
end blade surface, (°R)

angular posiltion relative to sbtagnation paint on blade~
. section leading-edge circular arc, (deg)
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v angle of lmplngement of water droplet on blade surface,
(deg) )
w propeller rotational speed, (radians/sec)
Subscripts:
0 amblent atmospheric conditionas
1, 2 internal ges st entering and lesving ends, resnect;vely,
of a glven radial segment
8, externel alr side of propeller blade -
av average - : _ .-
b outer edge of external-alr boundary layer
da , datum temperature (for determining heat-transfer differ-
entials) :
f final gas conditions (exit from last radial blads segment
prior to tip nozzle)
g internal ges side of propeller blade - ' S
i Initial gas condlition (inlet to firgt radial blade
segment) -
m mean value between points 1 and 2 -
8 external blade surface
w occurrence of condensation or evaporation of water

Primed symbole denots conditions that are changed because of
altered bhlede interiors.

METHOD FOR DETERMINING DESIGN REQIIREMENTS
: Description of Solutivn
The determination of the required gas-flow rates for a hot-
gas type of anti-loing system on a glven alrcraft propeller .

Involves a tedious series of calculations. The information
available at the present time is insufficient to determines



NACA TN No. 1494 ' o

gulckly the maximum requirvements for a glven propeller oporating
through & renge of flight and icing conditions., Individual calcu-
lations must be made for a compleste series of selected, critical
flight and icing conditlons. The blade-tip nozzle area and the -
heat-~gource cepacity are then calculated for the maximm require-
ments so determined. '

The degree of approximation obtained through the use of ths
subsequent aenalysis will remain uncertain until moire complete and
reliable experimental dats are available on propeller-blade
external and internal heat-transfer coefficients, kinetlc heating
of wet air, heat losses due to eveporation of water, the extent
of heat conductlon in the blade metal, and the determination of
minimum standards for ice prevention. '

A schematic diagram of the heated-~gas flow through a typlcal
hollow promeller blade is illustrated in filgure 1, The gas is
Tirst heated by a sultable heal source, enters a statlonary
transfer manifold, and then passes through & collector ring and
cuffe fastened to the propeller hub and into the blade ghanks.
The hot gas then flows radially outward through the hollow bledes,
which may have internal radiasl partitions (fig. 1), to discharge
nozzles in the blade tips. .

The method suggested starts with the selection of a numbsxr
of operating conditions (propeller rotational speed, airspeed,
density altitude, and ambiont-air tumperature) characteristic of
taxiing, take-off, climb, cruise, and maximum speed with the
determination of the,corr65ponding liguid-water contents from
the recommendations shown in figure 2. Tae regquired internal
hot-gas flow is then calculated for each condlition using an
initisl hot-gas temperature as high as structural conglderatlons
will permit,

For gome flight conditions the reguired internal gas flow
obtained in the calculations using the maximum initliel gas btem-
perature will be so low that a reduction in the initlal tempera-~
ture and an increase in the gas flow might seem adviseble. In
many ceses, however, the maximum heat requirements will prcbably
be met only by utilizing the highest possible inltisl hot-gas
tempoerature bacause of limitations of the propeller in pumping
the gas, The use of high gas temperatures and low gas flows has
the additional advantage of kesping the pumping power at a
minimm,.

The required gas flow, which is defined as the rate that will
maintain the heated portion of a blade surface at temperaturcs at
or above 32° F, must be computed by trial. For conventional
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proveller-blade designs, .the point of lowest cdlculated surface
temperature will usually be at the stagnation péint of a radial
station near the hub. Under severs icing conditions, there 1s no
great variation of calculated leading-edge surfece- temperatare

with propeller radius at the inboard stations, although heat com-
ducted radislly ocutward from the blade hub will actuelly railse the -
surface temperatures at the inner radil. If the effect of this
heat conduction from the blade shank does not-extend too fer along
the blade at the leading edge, the use of the stagnation-point
surfece temperature at the innermost blade segment ag the critical
point for determining the reguired ges flow will permlt more ‘rapid
progresslon with the trial values and eeldom will e complete
analysis of all segments bé necessary. :

" 8teps in Solution -
For each’'set of flight and. icing conditions’ the following
step-by- etep method of solutlon 1s suggested

-I.” Divide the blade into a convenlent number of radisl seg- -
- ments each 1 long., (In the numerical example given’ :
subsequently, radial segments 1 4. long were employed;

experience may indicate a need for shorter segments of
perhaps: 6 in.'in length.) Tabulate the cross-sectional
flow areas Ay, the external and internal hegt-tranefer

areas Ay (= 8p 1) and Ag (= P1), respeotively, the
diameters of equivalent 1eading-edge cylindsrs D, at
the centers of the segments, the internal perimesters P,
end the chord lengtha e¢. The cross-sectlonal flow

‘arsas should be tabulated for the inlet the center, and
the outlet of each segment:

II., Determine the external factors that are unaffected by
the Internal heat flow az follows: For the essumed .
© propeller-blade speed, find the 1ift coefficient C
and angle of attack o &t the center of .each radiai
segment by the method of reference 3 or other accepted
procedure, With these data calculete the chordwise
distribution of locel alr veloclty Vh,.

A. Determine. the local external air-film heat-transfer
coefficlent h, for the laminar regime (from refer-
ence 4) from -

mE o | (1)
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where the value of the laminar boundary-layer thick—
ness B; 1s found from reference 5 an

. 9.17 praje 8.17
2 _ 5.3 c% (VR _ Vb) A
B = TRey \vb) Cig d(c) (2)

For the turbulent regime the heat- transfer coeffi-
clent hes been gliven in reference 6 as

hg = Eg;E ' (3

The value of the turbulent boundary-layer heat-
trensfer length 8, 1s slightly involved. The
turbulent boundary-leyer paremeter {, as derived
in reference 7, is related to -&; as follows:

2 - .
c : .
._-ﬁijﬁ;:. S (4)
'RQG:V.—'- Pt .

. TR S
The value:of the pérameter ﬁ denotad - gtr at the

"$ransition point (appendix A), is given .in, refer-
ence 7 asg

. Ty, €

where

¢ = 0.289 8, RN (6)

the value of 8y being taken at the transition

point. Succeeding values of '{ mey be found from
the relation . ~
Wﬂg 5,13 dvb iV L '

whers the function £f(¢) 1s

2 6-0’3914§

(L) = 10,4i1 ¢ - —(8)
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An alternate and simpler methrod than that gbove for -
determining h, (explained in appendix A) is given

in ‘veferencse 8§ as

0. Pr &Y .
. By = 0.0582 (Ty)’ =0 (""“""""'s 0, ) : (9)
for the laminar regime, and _
. ‘ 0, ao
0.296 p s\
b, = O, 524 (T ay O = 10
o v O () ("6"2‘"5" / 0
for the turbulént regime, where
. c, -
1d 11
vav Vr ( " T cos CL) _ . (11)
The +- 18 used fopr the ceamber aurface and the - I8 -

used for the thrust face.  Inesmuch as the values of

h, in eguations (1), (3), (9), end (10) cannot be

determined at the stagnation point, deusrmine values
of, hg near the leading edge (apnendix A) from the

equa&ion of reference 8 S - L

O 50
0.49 /V; i
By = 0,194 (1) ‘.B.f,?_,f (-!";)(12)
. By : 190

Determine the rate of water interceptisn M (appen~

dix B) from
=
M= iaE R sin ¥ (13)
Determine the local heat-transfer -datum gir tempora-

ture t, 4 (appendix B) from
, ' - E
taldztbw-;- Mg y - (14)

for saturated air flowing over & wet surface, If
the air flowing over the surface is unsaturated, the



NASA TN No.

1494 11

locsl alr temperature at the outer edge of the

boundary layer becomes %y, &and If the surface ls
dry the air-temperature rise in the boundary layer
due to frlction becomes At,, The values of tb,w

T and ty, - are determined from the adisbatic compres-

sion lines, shown in 1igure 3, plotted from data of
refervence g, From the Intersection point of the
ambient~alr temperature by and pressure Pgs
determine’ the proper adisbatic line; then the local
temperature at the outsr sdge of the boundary layer
ty &t any point over the eirfoll is found by fol-
Lowing this adiabatic line parallel to thosge shown _
to the local pressure p,, glven by

=Dyt Q 1 - _ﬁ) (15)

| .

The wvalues of Aty end Ata,w have been developed

in reference 10 as follows;

& Ty P P (18)
. e =_ZgJGp
and
L {Pv,a " Py,p
Atg 4 = Atg - 0.622 = | T8 Va2 (17)
&y RN By

. vhere the saburated vapor pressures Py g and Pv,b
2

correspond to the tempergbtures ta a and by,
regpectlvely, neceeaitating a solution of Ata w oY
trial at each point. '

IIT. In ordexr to determine the'changee in the internal gas

flow through the blade, select the desired inlet-gas tem-
rerature @8’1, which egnals tg;l for the first radial

segment, and a Htrial value of hot-gas flow w.

A. Assume the temperature of the ges lsaving the first

gsogment tg,z-
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1. Determine. the internal ges+film heat-transfer
coefficient hg (appendbx c) from refeprence 11

0.3 0 8- O 2

By = 4,1 %107 T8, man (18)
wsing [T S
ST LT,
. Tg1? 2 . .
.78’m = —sLnirmﬁﬁ- o (19)

2. Determines the mean heat~tfansfér datum gas tem-
. perature for the segment t8 a ‘from

. .33
o Ll N o
g,4 % 8;@'+-A g * "g,m o Zng? (20)
vhere ‘ - .
W R. (7 'm)
. ST - (21)

For the firgt estimate of tg,2s 1ot
ki
pg,m ~ Pg 15 - for ‘subsequent %ria*s let

. M_Z_
2 .

. . pg,m
{of the preveding ‘trial, - (Detafls for caloulate-
ing p ,2 wlll be presented subgequently.)} As

the_solution is approached this error will
- beccome very small

3. Determine.the chordwise distribution of surface
temperature 'ty (appendix C) at the center of
the segment fram

: 2
hgtgd.AE+ hxtad-l-M t0+—r—'°'~JAa
s = T Bohy + (hax+MTA

(22)
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vhere (see appendix B)

- D 0,622 L
X = 1 -+ p:’s- T v,& ( = ) (25)
8~ a,d Py B/

and Py,s and pv a correspond to the tem-

peratures tg and’ ta,d: respectively, for a

wet surfece, Because X varies with t5, the
values of tg &bt each point must be computed
by trial.

In order to 'determine-the heat trensferred
through .the blade metal of the segment, plot
(tg a - ts) eagalnst. s/c for the chordwise

extent of the heated surface and. obtain the

" average -value by graphical integration or by

6.

Simpson's rule, The heat transferred through
the blade metal Qgpgyng 18 then

Qtrans = (tg a- ts)av shg (24)
. Determine the energy change due to frictlon in
the segment F;_, por pound of gas flow (from
roference 12}
v, 2
r,m 1
_zf“f-gfﬁif (25)
where
" = 0.0086 4 ¥ (Rep ) 052 (26)
and
‘W Dy
R = (27)
: e’?D,h Iy tig,m (3600 &) |

Determine the polytropic specific heat of
gas o, from :

" Qtrans ' Fl-Z -
Q’l-Z = — -3 ('bg 1 - ‘bg,z) (28)




14

NACA TN No. 1494

and the polytropic exponent n from

_.R...'o
Y n

'betermine the pressure of the gas leaving the

segment Pg,2 from -

n

o rmrions

l-n

Py o =D (30)
U8R 8’1< 5,8)

where Pg,1 is estimated for a particular hobt-

.. gea-flow system fram published experlmental
. pressure-loss data on ducts and manifolds.
. Find the, changa in radial kineblc energy Ej.p

9'

per pound,of gas_flowwthrough_the segment from

L 2., 2
E e Tt
1-2 % ~Zg " (3600)% (2g9)

: ...--. 2 2
| (A 1p ) «,.(A-,-.-—-—-—-._ 1p ) (31)
. »,8.78,2 \'p,1 "g,l

Determine the net compression work W2
(eppendix D} done on each pound of gas in flow-

;ing through the segment from

2 2
U 2o ~ Y1
Wi-2 = Vprop =~ P12 = —4—gp—"— - F1.2

(32)

Finally, check the accuracy of the agaumed, tg 2
(appendix D) from

LY

Y-
ot = [oraFi] s ) (89

and. reegtimate tg,a until the value obtalned

from aquetion (33) agrees with the initial
egvimate in step ITI-A.
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B. For the subsequent radial segments, fepeat'étep ITI-A
using the values of tg’z and Pg,2 of one segment

as tg,l and Pg,1s regpectively, of the next
segment,

C. If %y at any point (found in step III-A-3 for the
correct tg,z) proves to be less than 329 F, 1t can

be increassd by increasing the hot-gas flow w and
repeating step III. Usually 1ty will be a minimm

at the stagnation point and at a segment nesr the _
nub. - o

From the final conditiong of the gas leaving the last
segment, determine the tip nozzle area A, required to

maintain the gas flow (for unity discharge coefficient)
from ) . _

w R LT .
= g.!f (34)
L[ 2L -
- b4 iy
3600 p. A [2adc. [S&:f Pe, 2\ 7 (Zaf\ - 1
0 0 g,f
where
w, f2 _
= (T 2
T,z = (Tg,) + gg':‘fc—p' (35)

Calculate the following: The regquired - input from the
hest-source Qp, excluding losses in the Induction sys-

tem prior to the initial polnt, from

: u, i2
_ v %,
Qr = W p (TS:i - To) - F —Eé—" (36)
the total heat added to the gas flow 'QT' from
w U, p2
Qp = Qp + 3 —+— (37)
g 2g _

the heat escape at the tip nozzle Q, from
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6, = v cp (Tg_f - To) (38)
and the heet transferred through the ent;re heated.sur~ B
face of the blade ZQtrans from . - 5 - Tk

| | \ uy $Pu, [
ZQupens = 9 = % = ¥ O (Tg 1-Tg f) + X (;Eif%é;—ii—) (39)

Thus, the effectiveness of the propeller blade as a hest

ZQtrans ' ' B
T

exchangsr is glven by

NUMERICAL EXAMPLES -
Flight and Tclng Conditions

The procedure for determining the dssign requirements for a
gag-heated propeller has been applied to a theoreticel hollow stesel
propeller having blades with central radial ribs, as shown in
figure 1. The propeller-blede-form cheracteristice are given in
figure 4 and other pertinent date in table I. An assumption has
been mede that heated ailr enters the blade shanks from s collector
ring through sultable orifices and passes radially outward through
only the leading-edge cavity in the blades, as illustrated in _ _ A
flgure 1. The blaede was arbitrarily divided for convenience into
four radlal segments each 1 foot long starting at the 18~inch
station. The radlal stations for which the surfaceé-temperature L
calculations were made were therefore at 24, 36, 48, and 60 inches.
(See fig, 4.) For more accurate results ca]culations nearer ‘the
hub may be necessary. A greater mumber of shorter radlal segments
mey also be needed in reglons where either the blade éirfoll sec~
tion or the internal flow area changes rapidly with radius,

For purposes of comparison, the calculations have been made _ __
for the two followlng opereting conditions through the game icing
condltion:

Condltion A B
Pressure altitude, % 18,000 18,000
Ambient-air temperature, °F 0 0
True flilght speed, mph 400 325 o I
Propeller speed, rpm - ' 1430 800 -
Liguld-water content, g/cu m 0.4 0.4
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The walue of "liquid-smater- contenﬁ chogen wag ‘based on the
recommém.&a.tions shom in flgura RS S PR : L_-—

. .. v L . "l' . - -
4w e A . -

Y for gonvenience ;l'z d.s’oemim.ng Uhe 1n1‘bial iﬂ'bernal gas condi-
'b‘ions ‘st the blade, shangks, an arbitrary assumpbion vas mede that .
the” mtemal statlc pressure in 'the blade shanks would be 'bhe '_
embient dtmospheric pressure plus three-fourths of the flig_mt
dynemic pressure. The assumed hob-ghs' Plow wad’ “Faried &t &n’
initial temperature of 500° F. until syrface bemperabures:of 3207
or more were o'b'ba.ined over the hea.ted sprface of the blade’: i ?—""-

. - o _f_:'... G s

Results . .. e R R

e

n - ! - —

~ - - Er .. “ N . PR

. e
——

L Condition L Y. T
Gés Tiow per blad.e, lb/hr ' 450 |- - 750
Initial gas temperature 500 500
Final gas temperaturse, 6F 549.6 320.8
Heat-gource input reguired ner blade, Btu/hr | 50,550 | 86,680
Required blade-tip nozzle area, sq ft 0.004668 | 0,0132

The results of the calculations are given in mors detall in
table II and figures 5 to 10. For the four radial statione and
for both simulated fllght conditions, the chordwlse veriation of ..
local: velocity ratio V‘b/VR is shown in figure 5; the ex‘aernal )
heeb-transfer coefficlent h, 1is shown in f‘igure 6 the local:
water in’cerception M and eva:oora'bion Mgy . retes are shown :Ln
figure 7; the local heat-trensfer detum temperature ta,d is
ghown in figure 8; and the external-surface tampers.ture ty . is .
shown in figure 9. " The radial distributions of internal gas: 'bem—"
perature -bg-, internal ges pressure pg, internel’ heat-transfer
coefficient hg, gnd the external-surface temperature a.t the ’

stagnatibn point . ty are shown iIn figure 10 for cond.itions_ A
E-Ild Bo ' . . . e o

The caloulations of the external heat-transfer ooef‘ficien'bs
were mede using equations (1); (3), and {12). Attémpts were made
to locate sccurately the. external boundary-layer transition
points using the methods of references 3. and 14, and the theoret- -
ical transition points were found to be located a,f'b of tho heated
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areas. In four cases the velocity distributions (fig. 5} have
feirly distinct pesks near the leading edge and an. arbitrary
aggumption was made that the surface roughness due to the imping-~
ing water would cause transition et these minimum-pressure points.
This agsumptlon epplies to the camber face at the 48-inch station
for condition A and to.the thrust face at the. 80-inch sté&tion and
the camber face at the 36~ and 48-inch sbations for condition B,
The resulting:chordwise distridbutions of h,, shown in Lfigure 6

for these casés, are similar to the type shown on-the-left side of
figure 11 and dilscussed in appendix A, inasmuch as in: each case
the transitilon point occurs very close to the leading edge. _

The surface temperatures are. .obtained from equetion (22), in
vhich the external heat-transfer area Ag is arbitrarily assumed
to extend aft of the blade-rib center line for a distance on each
face equal to half the maximm blade thickness, Thie assumption
is to scocount approximately fopr the hest transfer to the trailing
half of the blade, which in reallity diminishes all the way to the
trailing edge. An unpartitioned blade would not require such an.
approximation, - : LT

e : DISCUSSION
' Thin-Skin Approximation

The 1argest source of error in this analysis is thought to be .
the thin-skin epproximation used in the golution of external sur- . i
faco temperatures. This approximation mekes use of two related:
agsumptions, First, the value of” H depehds on the temperature
differéntial (tg ,a - tg), in which the temperature gradient

through the blade metal 18 assumed to be zero, This gradient. and..
the error Involved is. uesually small, except at the leading-edge .
reglon, for any propeller blade maﬁe of stesl or metal with egual
or higher thermal conductiviby, 8Second, the heat balance employed
in equation (22) is based on the assumption that the-tot&l heat .
transfer from the internal ges to the external alr cen bo con=
gldered to be dilstributed uniformly and to.pass only normally:
through sultable internal and external heat-transfer.areas; that
ig, the Dblade metal 1z assumed to be infinitely thin and surface-,
wise heat conduction is neglected, The ratic of the two heat-
transfer areps 1s then used to determine the ratio of the local
internal and external heat-transfer rates. The error Involved in
this sesumption is thought to be large 1nasmuch ag the thermal - -
conductivity of the blade matal is usually very high compared }
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with the conductivity through the gas and alr surface films. Sur-
facewise heat conduction wlthin the blade metal is certain to
reduce the temperhture gradiente indicated by the varlations of
surface-film heat-transfer coefficients end changes in metal
thickness.

The -bwo foregoing errors can 'be oliminated fram the analvsis
if the blade segments are studied using the "relaxation” method
developed in reference 15. No attempt has been made to use this

method ‘because of ‘the prodigious amount of time and effort involved.

The method end & sample of the results to 'be expected fram it are
given in appendix E,

B

Principal Factors Affecting Heat Requirements

From' e considératlon of the foregoing analysis and the numer-
ical examples, the required iaternal heat flow through hollow pro-
pellers depends on the following fectors extermal to the blade
surface, which appear to have the largest effects. in determining
the 1oca.1 hea.t transter through’ the metal naoessary to preven'b loce,

. Amblent tem _pemi:ure'J - With other =fac‘b‘ors ren_la_inir_;_g constan-b ’
the heat transfer through the ‘blade surface required for ice pre-

difference 'between the freezing temperature and the datum tempera-
ture (ambient temperature plus kinetic increment), Even though
the assumed liquid-water content of the ambient air ‘decreases with
decreasing temperatures, the heat required to maintain g minimum
surface temperature of 32° F gteadlily increasss as amblent tempera-
“ture decreases; but, -computed on ths basig of ‘immediate evapora-
tion of all" the water that strikes the surfece, the heat reguired
will decressge with decreasing ‘temperatures beceuse the liquid-
water content decreases, The point &t which the heat requirements
are equsl when computed on both bases of heating represénts the
maximum vogsible value of heat required. This maximum value rep-
regents excessive heating for the condi'bion.s used in ‘the examples
presen-bed o - . * ) :
Water inroingement - An :anrease in the rebts of water inter-
oception requires & direct inorease in the amount of heat required
to raise its temperasture above 32° F, A more important factor,
when external heat requirements are congldered, is that an increass
in ‘bhe rate of water interception increades 'bhe amount of runback,
Iwhich ‘Increases the area of wetted surface and’ thus' requires méFe
"heat to offset the evaporative heat loss. The difference in tem-
pera‘bures between’ a. wet and ‘a’ dry surface reeulting from’ the B&Me

Ao

- FRR
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lriternal heat-flow can be observed in figure' 9(d), where the .
surfate becomes: dry on the thrust face of both.the 48-+.and 60 inch
stationa. The.surface-temperatura rise ‘Bbove ambient temperature
more than' doubles its value in the two instances after~the Burfaoe
becomes dry. o

" Kinetle heating, - Kinetic heating always reduces the heat
requirements’£oF ice prevention because it inéreascs the heat-
transf ey datum temperéturé above .the ambient temperatuvre. . -Tis-
temperature .rise imcresses as the square of the resultent’ velocity
and has- a.'lower valus in wet alr than in dry alr. This increment
of temperature becomes important as a saving in regulred heat flow
at high resultant velocities of the ordsr shown in the two examples
presented. A fact of interest is that heat requirements ave
reduced according to . the aquare of the resulbtant weloéity (because
of kinetlc heating) and are slso increassed according to the square
roob ofthe resultant velocilty (becauise .of the hbat-trensfer
coeffiolent). . The net. result is that as yelocity is incraased
the heat required to maintaln a. surface témperature .of 32° F first
increases and then decreases; the location of the maximum heat
‘requirement depends o the conditions involved, This maximum hest
requirement probaebly occurs below a veloclty of 400 feet per sec-

ond for-most conditions, Thud, except for- other variations (such
as changes 'In propeller-blade sections), the heat regquirements for
propellers on high-spsed alrplanes ere usually grestest at the
inboerd stations. For the semd reason, the heat requlrements arb
reduced by 1ncreasing the rotational speed of the prOpeller.

Location cf transition, - The determination of heat transfer
Trom & propeller blade depends to &. large extent -on.the exact
location of transgition. ' As shown in figure.ll,. considerably more
heat" transfeir resulbs over thé blade faces for whish turbulent
flow is assumed (as shown by the higher. heat-transfer coefficients)

- than would be’the case if laminar flow were aessumed. . The same
result: is wliown’ in figure- 9, in-which’ the low surface. temperatures
of the four faces under assumed turbulént Flow indicate a higher
rate.of heat trangfer. Of course, transition might be .caused by
vater-film roughness on many of the surfeces for which leminar
flow was assumed, because the velocity gradients are quiLe low
over all the stations, ag Shown in figure S, o

Altitude. ~: The altiuude~nressure ‘texrm frequently appears in
the analysis and its total. effect on heat requivements is difficult
- to-evaliiate. The two principal effects of altitude (other factors
remaining-constant) on the required blade-metal heat transfer are
largely compengatory. With increasing altitude the heat trpnsfer
due’ to the evaporation: processes increases vhereas the: heat transfer
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due to external convection decresses. Increassing altitudes have a
gerious effect on restricting the internal ges flow. In order to
offset the reduction in gas density with altitude, the gas flow w
must be maintained by increasing the internal gas velocity, with
resulting increases in flow friction and pressure drop. These
increases, coupled with the loss 'of ram pressure at altitude, indi-
cate that the required internasl gas flow steadlly becomes more
difficult to maintain with increassing altitude and that a booster
pump may be necegsary at high altitudes to attain the required gas
flow. A pressure boost can also be obtained by increasing the pro-
peller rotational speed Whenevgr posgsibles,

Comparison of Results of Numerlcel Examples

Flight condition B required a larger internsl heat flow than
condition A for two reasons: +the kinetic heating wes less, owing
to a lovwer salirspeed and propseller speed, and the surface area
under assumed turbulent flow was greater.

The required tip nozzle area for conditlon B was almat as
large as the internal flow area at the exlt to station 60 which
indicated that the gas pressure at the tip hed dropped ne&rly to
its lowest limit and that a higher rate of flow was almost
impossible without augmenting the inltial gas pressure or Increas-
ing the propeller gpeed, If this tip nozzle area la used, the
flow will become excessive under condltions of higher alrspeed
and propeller speed or lower altltude, The hot-gas flow could,
however, be regulated by a throttle in the lntake system.

The required heat-source capaclties for these two condlitions
appeared to be very high compared with external electrically
heated blade shoes based on the meager sxpsrimental data avall-
able. The high required heat-source input is, however, explained
by the fact that internal ges-heating systems normelly have no
selective control of heat transfer end as a result much of the
surface area is congiderably overheated and fuyrther wastage
oceurs at the tip nozzle. In the examples that used this method
of blade heating, only a narrow bend at the leading-edge gurface
had temperatures near 32° F. Consequently, if a narrow strip of
ice 0.3 inch wide, for example, were to be vermitted along the
leading edge, the internal heat-flow reguiroment for station 24
condition B, (most critical) would be nearly halved. This
reductilon Would result because the surface temperature at the
stagnation point could then be allowed to drop apoproximabely
9° below 32° F and the differential (tg - tg d) would be
approximately one-half its original value (17 g° F). Because
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the stegnation point 1s the controlling factor for the segment,

the iIntermal heat flow cou]d then be reduced by nearly half ana
the blede-surface temperatures would remain above 32° F except for
the narrow leading-esdge band. Tn naactice, -$he: internal heat flow
required therefore depends largely on.whethexr narrow strips of ice
along the leading edges are tolerated . '

- Suggested Technique forIRedﬁcing Heat Flows

A method of reducing the reguired heat flow in a typlcal hol-
low propeller blade 18 suggested in which the Intermal flow passage

is altered to attasin & more econcmical dlsitribution of heat transfer.

When it is assumed that equation (18) and the hydraulic diameter
concept can be applied to internal passages vhose perimeters con-

tain convolutions, designs of flow passages can be developed whereby

large reductions in heat-gource cepecity and pumping-power outputs
are apparent over the typical hollow-blade interior, as shown in
figure 1. Two suggested alterations are shown in figure 12 and
compered with the original blede section. Using primes to denote
the altered designs, the following mathematical oomparisons can
be shown;:

For both the original and altered designs

4.1 x 107 (1, 103 408 502 4
ooy e T 7 Jak
.thg o _ A

from equation {18). For the séﬁe inlet gas temperatures, assuming

P = AE and taking the ratio of a modifled design to the orlginal

deslgn . . .

w6

Setting this ratio equal to unity will-permlt evaluatlon of the -
flow ratio that will produce the same amount of blade-surface heat—
transfer ag the original deglgn, or
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Modlfica~" Mbdifica-_

: , tion 1 . |tion 3
. 1.5 *\1.25
| A 'p .
LAY o - 1 (Ji-) . 0.149 .| 0.152
w A Ap .
2
As
ur = __..___.w "
Apog<seoo§__ ) B _
( )o .25 | | '
= .298 .228
= ( ) |
As
1o68 .'1'32
Fi.p ~up (Dp)
' 1.20 '\~0,90 '
.2 A *
Fl & "5":" (A-g—) & .813 .481
12 Ag Ap o : L

In summarizing these modifications, if the area of the inter-
nal flow pessage is reduced and the internal heat-transfer area is
increased, the same total heat transfer to the external surface
can be maintained while the Internal-gas flow ls greetly reduced,
A reduction of the flow lowers the lnternal velocity and the fric-
tion loss and thus ralses the avallable internal pressure. When
the flow is reduced, more heat is removed per pound of gas flow
and, conseguently, the gas temperetures falls more rapldly and
reduces the heat loss at the tlp nozzle. Camre should be taken
with the internal hest-transfer area that some segments do not
abstract such heet as to starve subsequent segments.

In addition to the foregoing reduction of heat flow, & better
digtribution of chordwilse surface heat transfer can be accomplished
by meking the greatest inorease of internal heat~-transfer area at
the leading edge by the uss of fins similayr to those shown in |
figure 12. An sccurate determination of the magnitude of the heatb
trensfer resulting from these modifications requires that the
whole problem be approached along the lines of the relaxaetlon
method as outlined in appendix B, All the indications shown lead
to the belief that a hollow propeller blade can be designed with
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modifications similar to those illustrated, which will efficiently
provide lce probtectlion with a heat flow of feasible proportions.

COMMENTS AND RECOMMENDATIONS

The method presented for estimating heat reguirements for ice
prevention on gas-heated hollow propeller blades provides inte-
grated means for determining the design requirements for ice pro-
vention on ges-heated hollow propeller bledes operating .in any
gelected condition, Several of the suggested simplificatlons and
other short methads can be used vhexre conditions do not requive a
rigorous treatment. Solutlons by trlal are.occasionally required
which are edmittedly lnconvenient, but became felrly rapid with
increased familiarity.

Substantiation of several formulas, upon which this method
is based, by experimental measurements in actual iclng conditions
is recomn.snded. A relaxation analysls of the whole propeller
blade should be made to determine the effect of lsadling-edge
internal rlbs and the exact heat transfer normally, radial]x and
chordwise through the blade metal, .

Flight Propulsion Research Laboratory,
National Advisory Commitise for Aeronautics, . L
Cleveland, Ohio, Juns 27, 1947.
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APPENDIX A

EXTERNAL EEAT-TRANSFER CORFFICIENTS

- Alrfoil. coefficlents based on boundary layer. - Séveral
methods are avalilable for calculating the local and average heat-~
transfer coefficlents for the surfaces of &irfoils (references 4,
16, 17, -and 13). Lecal suxface values for the heat-transfer
coefficlents on airfoils (equation (1)) are .dérived in reference 4,
primarily on the basls of Reynolds' analogy between skin friotion
and héat tranafer through leminar boundary layers, and an alter-
nate form of Reynolds! analogy (equation (3)) is presented for the
turbulent ‘boundary-layer cagse in reference 160 Theee solutions

are fetalled .because they take into aggount the variation of lodal

air velocity &nd boundery- leyer thioknese over the airfoil surfsace.
No account has been teken either in tihis emalysis or in.the refer-

 encedy however, of the unknown effect on the boundeary-laysr heat

- transfer of the heau addition to the boundary 1ayer oaused by a
heated surfeace, . : o

Apirical alrfoil coefficients.' Tﬁe metheds of referenee 8
({equations (9) and (10)) have been added as alternate solutions.
for hg becausé they offer sasier solitbions by their use of
average alr velooitles over the faces of the airfoils, -Thess
equations regulre & slight but adeguate gpproximetion for use in
this ansalysis when determining the average temperature Ty,

because the surface temperatures are unknown. However,; estimates
of average surface bemperatures involving errors of less than

1% percent of hg can easlly be made.

Leadling-edge cylinder coefficients, - At the stagnation point
the value of b, cennot be determined in equations (1), (3), (9),

and (10). The suggestion is made in reference & that the leading
edge of an airfoll be regerded as an isolaeted cylinder in trans-
verse Tlow for whilch heat-transfer datae ere available in refer-
ence 1f. When these date are used and Nusselt's number at the .
stagnetion point is expressed as & function of Prandtl number and
Reynolds number, an empirical eguation for the heat-transfer coef-
ficient over the forward half of the equivalent leading-edge
cylinder (eguation (12)) is developed (reference &), Figure 1l
disgremmetically illustrates the suggested technique of fairing
the distribution of heat-transfer coefficlents over the leading-
edge cylinder into the laminar~ and turbulent~flow distributions
for the rest of the airfoll in two typlcel configurations., On the

-
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thrust-face, transition is shown to occur close to the leading
edge and the hy curve is faire@ dlrectly from the leading-edgs

values into the turbulent-flow curve, On the camber face, transi-
tion is ghown to occur after & length of laminar flow and the
curve ls arbitrarily falred into the turbulent regime. The former
type of distribution cccurs in the numerical example, in certain
cages on both faces of the, b]ade.

Location of, transition. -~ In the foregoing considerations,
the location .of the, trangition point must bs determined, - For
increasing looal pregsureg, the point of transition, which mey be
essumed: to.be .coincident wlth laminer separation, may be estimated
by the method of references 13 and 14. For decreasing pressures,
the suggestion i made in reference S-that the Reymolds number
baged on the. 1aminar boundary—layer_thickness Re8 7 at the point

Of transition iB betwsen the 11mit8 of 8000 and 9560. ,

Thc location of the transition point, greatly—affects the heat
transfer Prom an airfoil because the hesb-transfer coefficient for
turbulent. flow is'congsiderably. 1arger than that for lekiinar flow.
No reliable method is known for predicting the point of transition
when the airfoll is undergoing water impingement,” The presence of
welter on the surface probably ceavses trapsltion to occur forward
of the point determined by the foregoing methods. . .
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APPENDIX B

EFFECTS OF WEITED SURFACE

Rate of water interception. - The rate of water Interception
is only slightly overestimsted by assuming that the droplets
travel in straight-line paths intersecting the blade surfuces.
This condition exlste when the airfoll collectlon effliciency
becomes 100 pércent. Exact collection efficlencies for ailrfoils
are unavallsble, although fairly complute date are avallable for
cylinders. For symustrical and low-camber airfoils the use of
existing data for cylinders whome diameters are equal or related
to the leading-edge diameters of the airfoils can be made with a
fair degree of approximstion. Accordinglr, nropsller-blade-section
leading-edge cylinders, under ordinary flight canditions, have col-
lection efficiencles varying aporoximately from 80 percent nsar .
the hub to 98 percent near the tip. The Orror in assuming sees
100-percent collection efficiency for the propeller sectlons 1is
not so great in figuring the rete of water Intercention as in
determining the extent of wetted surfaces, as discusssd in uhO

succeeding section.

The local rate of water interception M i1s thus proportional
to the sine of the angle Y subtended by the relative wind
(helical speed) vector end the tangent drawn to the blade surface
at the vpoint being considered. The value of M 18 glven by
equation (13). R

Surface evaporation. - The effect of evaporation of water
from the surface of an airfoll in increasing the heat transfer:
was first derived by Bardy (reference 19). He has presented sn
expression for a local eveporation factor X, which multiplies
the local convectlve heat-transfer coefficlent wherever the sur-
face is wetted., "This factor is given by eguation (23) end the
local rate of evapcration of weter from the surface is glven by

Moy = E & (X-1) (tg - ta,d_) - (40)

Where the local rate of evaporation is larger then the local
rate of water interception, the surface will tend to become dry,
If the blow-off of water from the surface is neglscted, however,
there will be runback of unevaporated water from the leading-edge
region when the rate of intercepted water exceeds the rate of
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evaporation. In thle analysls the surface of the propellor-blade
section 18 considered dry aft of the point s/c at which

sfc . .. psfe
M d(sfec) = . Mg, d(s/c)
O s - . O. . ) . o7

where the lower limit O 18 et the stagnatlon poini. For.a dxy
gurface, X becomes 1 and no surface evaporation occura.

Heat-transfor datum alr temperature. - The heat-transfer
datum temoerabura ta a &t -any point on the blade surface iz the

surface tempersaturs that would he cbtalned if the blads were a
annconducting unheated body. The valus of t& a. is glven by

equation (14) based on figure 3 and eguations (16) and (17). The
nature of ta,d for a typical propeller blade operating in elthor

gaturated or unsaturated alr 1g shown in figure 13, Thers .are two
componenty of ta;d=_ the adiabatic temperature . %, or tb,v at

the outer sdge of the boundary layer and the tempersture differ-
entlal Atg or Ata,w in the boundary laysr due to kinetic fric-

tion. The frictlonal temporature rise In the boundary layer ls
8lightly larger in turbulent flow than in laminar flow according
to equakions (16) and {17) (as the Prandt) number.isg. raised to the.
one-third power in turbulent flow compared with the onoc-half power
for leminar flow). Both the components of tg—a are affected by

the presence of water., The frictionsal temperature rige in a
bouvndary layer that remains ssturated is-less then the rise in an

unsaturated boundary layer, due to evaporation. Likewise, the tem-

perature at the edge of the boundary layer for a saturated air
stream follows the saturated alr adisbatic line,

Whether or not the alr is saturated at a given point 1s cften
difficult to determine and, consequently, the determinaticn of
ta,d is uncertain. In this analysls the following courss hus
been adopted: For a wet surface, which exists forward of the point
vhere the accumulated. water intercepted eguals the accumulated
water evaporated (as defined in the previous section)

ta,d = by, + Abg g - - (14)

For a dry surface, which ls assumed to begin abruptly aft of this
point
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. ta,d. = tb,w + Aty (41)

Accordingly, dnly when the amblent air is unsaturated 1s

a

te,a = tpt At (42)
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APPENDIX C. -

HEAT BALANCE

Local internal heat transfer, - The internal gas-flim heat-
transfer coefficient h8 is given by equation (18), which appears

to be the most applicable foymula for determining this coefficient.
The equation 1is based on data obtained for fully dseveloped turbu-
lent flow In long tubes. It is doubtful, however, whether this :
equation will give satisfactorlily accurate results when applied to
flow through hollow propellers for two reagons; (1) The nonsym-
metricael cross sections of a hollow propeller-blade passage and
the effect on heat transfer of changes in flow area may not be
fully accounted for in an equation hased on flow in straight cir-
cular tubes; and (2) no account is taken in equation (18) of local
flow varietions slong & plane normel to the dirsction of flow
(chordwise in a propeller blede). In & rotating propsller, the
Coriolis scceleration produces radial velocities along the leading
edge of the lnternal passage that are higher then those toward the
tralling edge. The local internal heat-transfer coefficient would
therefore probably be higher at the lealding edge than is indicated
by the average value given by equation (18),

When the value of hg given by equation (18) 1is used, the
local intermal heat transfer for a unit area can be written as

Hg = hg (tga - %) (43)

where tg,d is the mean-flow static gas temperaturs plus the tem-

perature rise due to surface friction (equation (20)).

Local external heat transfer, -~ The local rate of external
heat transfer per unit area at any point may be expressud as

M V.2

Hg = bg X (ty - tg g} + M op (b5 - t5) - “‘z‘é%“ (44)

vhere op 1s the heat capaclty of liguld water, taken herein as
unity. The first term of equation (44) on the right-hand side
gives the combined convegtive and evgporatiye heat transfer; the
- second, term gives the senslible heat shgorbed by the interceptsd
water during its tempersture rise to the surface temperature; and
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' i
the third term gives the hsat released by the impinging water at
the expense of 1te kinetic emergy. For simplicity, an approximate
expression for Hz; ocen be used, wherein

a = (By X+ M) (by - ta,d) (45)

a.,ﬁd the error in the approximetlion is small except at the leading
edge where M 1s a maximum.

Heat-balence eguation. - In this analysis the équili;b'rim of
heat transfer to and from the b'l.a.d.e surface at any point is '
expressed as -

. E = Hg (46)

&

&l

When equations (43) -and (44) are substituted in equa.'bion (46)

ts can be solved. for:

. _ "2
hgt qa fg haxtad+Mto+2J Ag
s hoho + (hgX + M) Ay

(22)

Equation (48) is hased on the assumption that a thin-skin
approximetion can be used for d.etermining the surface temperatures.
(See section entitled "DISCUSSION. ")
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TEERMODYNAMIC ANATYSIS OF GAS FT.OW

Assumptions. - The method for determining the temperature and
pressure of the internal gas during its. flow through the hollow
propeller blade 1s hased on the thermopdynamic steady-flow energy
equation. The internal flow 1s assumed to have a uniform redial
veloclity distribution at any station. The assumption is made that
for a short radixl segment the polytropic exponent n of the
internal flow process can be .consldered constant. The exrror
involved will vary as the radial length 1 of the segménts used
in the solution. For convenience in using the polytropic rela-
tions for gas, the energy due to flow friction le aessumed to be
heat added to the gas at the expense of work done by the gas.

Analysis of flow process, - The thermodynamic steady-flow
equation may be written in terms of the energles per pound of gas
as . .

2 2

Yroz T Y1
 .2g' .

Wiz - dQp = + J(Up-Uy) + (povg - pyvy)  (47)

This equation states that the difference between the net compres-
gion work done on the gas and the net heat lost from the gas in
pessing through the segment. is equal to the total of the differ-

_ ences between the kinetic, -internal, and pétential energles at the,
leaving and entering ends of the radial segment,

For a mechanically reversible process, the sum of all the
mechanical-energy terms in eguation (47) can be expressed by

By g + (pg¥p - Pv3) - Wyp (48)

where E,_p 1s defined as the radlal kinetlc energy term by

equation (31). The net work for a polytropic process satisfying
the relation- pv® = constant I1s given by

R
a1 (tg,1 - tg,2) (49)

and the flow work can be expressed as
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PpTp - BTy = Rltg,z - tg,1) (50)

When equations (48) =nd (49) are eguated and equation (50) is sub-
stituted, the net compression work becomes

n
Wiz = Bpp + =1 Rltg,2 - tg,1) (51).

In & similar menner, the internal-energy term of equation (47) cen
be wrlitten as

= R -
J(Uy -~ Uy) = ST (tg,2 - tg,1) (52)

When equations (50), (51), and (52) are substituted, eq_ua,’oion (47)
beconmes -

- . D~ R -
-2 T (I (y-1) J (tS:z tg:l) (53)

However,

Qtrens F1-2 _ " -
Q’l-Z = v - N) = cn(ts,l- tg,z) . (28)

The gas-temperatnre differential through the segment can now be
expressed in terms of the energy quantities by comblning
equations (51), (53), and (28) to obtaln

-t ry=n

82 = {5-1) adoy (W2 - Fp_p)

In equation (33) the value of W,;_, 18 given by equation (32).
The increment of enthalpy prqp due to work done by the rota.ting

propeller on a pound of ges in flowing through a radial gegment 1s
given by

% (33)

g,1

2 2
o X,2 "Y1
Wopop = —= s L (54)

This eguation can be shown as follows: The propeller-drive-shaft
torque increment due to the internal ges flow through a blade
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segment ig glven by the change in moment of tangentlal momentun,
which may be wriltten in terms of torque per pound of ges per
second as

7\ = rZu‘f;,Z érlut,l (55)

vhere u; 1s the blade tangential velocity et the radive . The
rate of work done on & pound of ges can be wrliten ag

- 2 2
(wrgug 5 - wrgug 3)  ug p" - g, _
g " g . - (s

WA =

because uy = wr. For a straight rotating chammel, the increase 1n
tangential kinetic energy between two points 1s obviously given by

2 2
Yp2 T %1
zg

for a pound of gas, so the remainder of the total work represonts
the amount of external work done on a pound of gas in flowing
through a radial segment to produce a change in the enthalpy of the
gas, . _
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APPENDIX E

EFFECT OF HEAT CONDUCTION THROUGH BLADE
METAL AT LEADING EDGE

35

A study was made using the relaxation method as described in

reference 18 to determine the effect of heat conduction in the

blade skin on the temperature distribution around the leading edge.'.
The original essumption that heat ls transferred only in a direc-
tion normal to the blade skin, which was essumed to be infinitely

thin, was expected to be appreciebly upset by the varlations of

blade-metal thickness and of the effective sxternal heat btransfer
around the leadlng edge.

‘Laplace's sgquation, which requires the reasonsble agsumpbion
that the blade metal is a homogsneous, isobtropic solid, was used
with conditions at the internal boundery defined by

e
¥ hge

and at the external boundery by

where

(hgX + M)

ag
kg7 = (heX + M)(p - 0)

thermal conductivity of blade metal,
Btu/(br) (sq £t) (°F/£t)

(tg,d - tx), O

Q.

heat-transfer datum gas temperature, F

metal temperature (surface or internal),_QF

distance normal to boundary, £t

internal gas heat-trensfer coefficien

Btu/(hr)(sq £t)(°F)

effective external heat-transfer coefficient,

Btu/(hr)(sq £1)(°F)

(57)

(s8)
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o
e (tg,d - ta,d)-'

a,d heat-transfer datum air temperature, °p

The goale used was 1 inch = 0,05 inch and for convenience the
solution wes arbltrarily originated 1 inch in chord length from
the leading edge. The metal temperatures at the sterting points
on both faces of the blede were assumed to be slightly lese than
the values of surface temperatures that were obtained in the numer-
ical example. The .inclinations of the isotherms to—the surface at
the starting pointe were estimated from the. anticipated nature of
the heat trensfer. The values of metal. temperature obtained are
unreliable, but the isotherm and surface-temperaturs patterns
obtailned are belleved 1lrdicatlive of ‘the trends to be expected if
the solution were to be extended over the entire blade cross
gectlon.

The calculated results obtained for simulated flight end
icing condition B at the 24-inch station are shown in figure 14.
Because heat is transferred everywhere within the metal normal
to the lsotherms, & considersble guantity of heat—Llows through
the metal of the camber and thrust faces into the mese of metal
at the leading edge, as shown in figure 1l4. The surface tem-
perature distribution is changed and thus the surfacewlss tem-
perature gradlents at the leading edgs are greatly reduced, 'the - T
surface temperature rise at the leading edge due to conduction in
the metal is approximately as indicated by a comparison of the
two curves at the bottom of figure 14,
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NACA TN No. 1494
TARLE I - PROPELLFR DATA

Station 24 36 48 60
Blade radius, »r, It 2 3 4 5
Blade-segment radial
L length, 1, Tt 1 1 1 1
Blade -chord, ¢, IT% 1.05 1.06 - 1,07 0.986
Bquivalent leading-edge

cylinder dlameter,

Dyr It 0.027 | 0.0095 | 0.0057 | 0.0040
External heat-transfer - ,

area, Ay, sg ft 1.28 1.18 1.15 1.06
Internal hest-transfer

eree, Ag, =g £t 1.13 1.05 1.01 0.942
Internsal blade-passags o

perimeter, P, £t 1.13 1.05 1.01 0.942
Internal blade-passagse

crogs-gectional area,

Ap, 3q Tt 0.0558 | 0.0315 | 0.0239 | 0.0173
Internal blaie passage

crossg-gectlonal area at

point 1, Ap,l’ sq 't 0.0875 | 0.0375 | 0.0275 | 0,0205
Internal blade passage
, cross-sectional ares at

point 2, Ap,Z’ ag £t 0.0375 | 0.0275 | 0,0205 | 0,0141

NATTONAL ADVISORY COMMITTEE
FOR ATRONAUTICS



TABLE IT - CALCULATED DATA FOR MIMERICAL EYAMPLES

Condition A Cordition B

Stetion 24 36 48 60 24 36 48 g0
Blade-gectlon 1ift coef-~ i . 0 . i

ficient,_ CZ 0,413} 0.550 | 0.583 | 0.474; 0.570) 0.597| 0.553| 0.438
Blade-sectlon angle of . ) ) T ,

attack, o, deg L 2.6 2.8 2.9 2,3 -5.01 3.2 2.4 1.7
Blade resultant velocity, - S

Vg, ft/sec 658 | 740 839 951 | 505| 539 582 822
Mean internal redial gas _ .

velocity, ur_,m, ft/sec 88.0! 145.8 | 175.5| 217.5 | 159.6| 274.5| 345.9| 465.5
Friction flow energy, : _ o o

Fl_z, ft—l‘b/lb 15.7 69.45 124'8. 239.9 46.0! 216.4| 425.9| 966.3
Blade-meteal heat transfer, . - : . _ . _

Q'bra.ns’ Btufhr . 3726 |- 5293 6070 6280 5404, 7920} - 8540 . 8674
Polytropic specific heat, | N . " o : :

¢, Btu/(1b}(°F) 0.2941 | 0.3028 ; 0.3157 | 0.32685 {0.2275] 0.2351} 0.2264 | 0,1839
Polytropic exponént, n- 0,441 | 0.478 | 0.525| 0.563 |-0.223 ;q_,0'77: -0.247! 4,51

. . ' . : . 4 }

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTIOS

o
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Stabtion 24 36 48 60 24 38 48 60
Propelier enthalpy incre-

ment, Hprop! ft—l‘b/l'b 1400 | 2100 2800 3500 438 656 874 1092
Radial kinetic-energy

change of internal gas, -

El—E’ _ft-lb/l'b 202.0 | 147.9 | 183.0 | 401.3 698 608 955 2575

Tip-nozzle heat eacape,

Q,, Btu/hr 35,250 59,200
Summation of blade-metal
heat transfer, ILQtyang,
Btu/hr 21,369 30,538
" [Bffectiveness of blade as
heat exmchanger 0.379 0.341

NATTIONATL, ADVISORY COMMITTEER

FOR AERONAUTICS
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%
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NACA TN No.
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COMMITTEE FOR AERONAUTICS

Figure |, - Schematic flow diagram for gas-heated hollow propeller

blade.
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Fig. 4 : - NACA TN No. 1494

1J bE ‘veae moTJ TOUOTIDOE-EBFOI)

A 3 3 3 g g
Teop ‘sTBue epwia
3 8 3 3 m 2 e o
AN gl | T
AN : /1
[o7 v Y :
T
m lllllllllll - [M
B 2
m eF uﬁﬂrdl _ \ M

[~ ———
40

NACH 16
atd o
AN

rie
1
!
'l
1
1
I
]
I
)
\ ross-sectiional] flow ares ™
\Vrh.lokms: ratio
30
Propeller redius, in,

Figure 4. - Propeller-blade-form characteristics.

4
i3 ( /
= L e = N — 8
| R
2| 88 / \ ]
=& 4 ——— —~]
WE | j -
-l —
=F
1
(3]
".m-. m @ - oo
‘Ul ‘uyIpia SpeTd
° ® Q - o2 °
—

olied TESUNOTUL



NACA TN No. 1494 : Fig. 5

NAT IONAL ADVISORY
COMMITTEE FOR AERONAUTICS
l.6
Iheust | Cambler falce
lo 7 e
AS d transdition— |/, =i — o e
1.2 __%EE_. . ——— —
'V
\ .I
--—-.F -'-==- "" {
jhlﬂffL. -Tﬁ::\
C.8
Station
0,4
S ———- 36
- — 48
) 5 —--— 60
e
] 0
. : (a) Condition a,
P}
Lol
(=]
a A
2.2 Assumed tranlqition\-é- '____"E:';“_' et T
=-—HFI — -.r_‘“
0.8
0.4
0
.6 o4 2 0 .2 .4 .6

Chordwise surface-distance ratio, s/c

(b) Condition B.

Figure 5. - Chordwise variation of local velocity ratio for two con-
) ditions.
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(b) MNodificatlion 1: Cross-sectional flow area ratio, Ap / Ap' = 23 internal
heat-transfer area ratio, Agyag = 2,

NAT IONAL ADV ISORY
COMMITTEE FOR AERONAUT ICS

(¢) Modification 2: Cross-sectional flow area ratlo, Ap/AFy = 1,5; internal
heat-transfer area ratio, Ag'/ag = 2,5,

Figure 12, - Comparison of original with two propeller-blade-section modifi-
cations that indicate savings in internal heat flow.
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